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Abstract 
We report on the generation of high spatial frequency LIPSS (HSFL) in silicon and germanium induced by nanojoule 
femtosecond laser pulses at high repetition rate in air. The periodicity of the ripples is found to be of 125 nm for silicon and of 98 
nm for germanium. The formation of these HSFL in silicon and germanium seems to be induced by second harmonic generation 
(SHG) and the periods agree quite well with a  O/2n-law. Reproducible and accurate patterning of uniform HSFL on surface areas 
up to 100 mm2 can be performed using a versatile laser processing workstation. 
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1. Introduction 
Nanostructuring of a variety of materials is gaining widespread importance owing to ever-increasing applications 
of nanostructures in numerous fields. Laser-induced periodic surface structures have been extensively studied. In 
many cases, after irradiation at normal incidence, the period of the observed structures is close to the wavelength of 
the incident radiation [1-6]. These are known as low spatial frequency laser induced periodic surfaces structures 
LSFL). Nanostructures with much shorter periodicity than the illumination wavelength were recently reported, that 
formed on sample surfaces after irradiation with femtosecond laser pulses, called HSFL (high spatial frequency 
LIPSS) [7-13]. In this study HSFL were generated at the surface of silicon and germanium in air under ultra-short 
laser pulses irradiation. We show that SHG might be involved in the formation of HSFL in silicon and germanium. 
HSFL periodicity tend at first approximation to follow a O/2n law. Nanostructuring of large surfaces fulfilled with 
such HSFL is shown using a high accurate, compact and flexible laser workstation. This versatile tool allows also 
the nanostructuring of complex 2D and 3D patterns of different type of materials as polymers, dielectrics, metals as 
well as biological samples.  
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2. Experimental setup 
The experimental setup is depicted in Figure 1. High repetition rate (80 MHz) and low energy (Emax ~ 40 
nJ/pulse) near-infrared laser pulses with a typical pulse duration of W = 140 fs (FWHM) are generated by a compact 
commercial ultrafast Ti:Sapphire tuneable (λEX = 690-1060 nm) laser system. Linearly polarized laser pulses are 
coupled in a laser workstation specially designed and developed for high accuracy micro and nanoprocessing. The 
processing platform is composed of a granite body and combines a x,y-scanner  and a compact x,y-translation stage 
based on piezo linear motorization. The scanner, attached to a linear stage for z displacement, allow a quick and 
precise deflection of the laser beam on the sample to perform complex patterns. The translation stage with a travel 
range of 100 mm in x and y direction, with a resolution of 5 nm and a repeatability of +/- 40 nm allows highly 
accurate displacement and the assembly of successive features performed by the scanner, to obtain large structured 
areas. Because of the low pulse energy, focusing objectives with relative high numerical aperture (NA) are used to 
reach the ablation threshold of silicon. Focusing objectives are mounted on a piezoelectric z-stage for fine focus 
adjustment with 500 µm travel range and 35 nm resolution. The focusing system is mounted on the aperture of the 
scanner. The maximal working field on the substrate depends on the magnification and working distance of the 
objective used. It varies from (2.8 mm)2 to (0.7 mm)2 for a 5u 0,16 NA and for a 20u 0.75 NA objective, 
respectively. An autofocus system to control the focus of the laser on the target in situ has been developed and the 
planarity of the platform is controlled by three compact motorized actuators. The combination of such high accurate 
elements is a sine qua non condition to perform successful nanostructuring with high accuracy and repeatability. 
The laser pulse energy is controlled by means of an acousto-optic modulator (AOM). The polarisation state can be 
modified by the introduction of wave plates and a polarizer in the beam path. The pulse duration at the sample after 
the objective has been measured to be 170 fs by the use of an autocorrelator. The temporal dispersion is limited. An 
accurate imaging system by means of a programmable far-field CCD camera provides a precise in situ monitoring of 
the sample surface and allows to visualize a small amount of the laser beam reflection. All elements depicted above 
are computer controlled. Hardware and software have been intensively developed in an easy to manage and user-
friendly environment. Radiation emitted from the laser focus during processing is collected by the focusing 
objective and can be spectroscopically analyzed via a fiber port (Ocean Optics, USB2000, range: 200-850 nm, 
spectral resolution: 1.5 nm) in a confocal setup. Spectra were acquired with 120 ms integration time corresponding 
to a temporal average generated by about 107 pulses.  Standard one side polished boron-doped p-type silicon wafers 
with a thickness of 525 µm and with an crystallographic orientation 100 have been used. The resulting surface 
morphology was examined under a scanning electron microscope (SEM) after etching with ammonium fluoride to 
remove recast, melted matter and nanoparticles at the border and in the structures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Experimental setup.  
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3. Results and Discussion 
HSLF of about 125 nm spacing have been generated on large areas on silicon. They have been processed with a 
focusing objective of 20u 0.5 NA, at a scanning speed of 1 mm/s, an offset of 1 µm between line scans, at a 
wavelength of 800 nm, and an energy per pulse of 3 nJ. The whole area was performed by translating individual 
scan fields with the linear stage in x and y. Figure 2 shows a 5x magnified optical image of individual scan fields of 
a part of a 100 mm² area. It takes about 3 min to process one scan field of (700 µm)². 196 individual scan fields are 
then necessary to perform an area of 100 mm². The whole procedure takes then about 10 hours which is relatively 
long. This process could be scaled up for processing of large areas, for example for photovoltaic applications but the 
whole procedure duration has to be optimized using higher scan speeds as well as multi-beam configurations for 
example. It has been shown that the efficiency of a bare silicon photovoltaic cell was improved when sub-µm ripples 
(700-900 nm spacing) where generated on the surface after irradiation with femtosecond laser pulses [14]. The 
performance could be further enhanced with HSLF nanostructures on surfaces cells.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Optical image of a matrix of nanostructured scan fields fulfilled with HSFL of about 125 nm spacing generated in silicon.  
Several parameters have been modified to study the effects on the ripple formation, morphology and periodicity. 
First a range of focusing objectives from low (0.16) to high (1.3) numerical aperture (NA) has been used to study the 
impact of the focusing geometry. When the numerical aperture increases, the power of focusing, i.e. the focusing 
incident angle increases and at the same time the spot size decreases. Two examples of HSFL generated in silicon 
using a focusing objective of 0.25 NA and a focusing objective of 1.3 NA are shown in Figure 3a and Figure 3b 
respectively. One can observe that the width of the groove is effectively smaller when using the focusing objective 
of higher NA but the periodicity of the ripples remains the same. The Figure 3c summarizes the periodicity 
measured for all focusing optics with different NA. As can be deduced, the periodicity seems not to be influenced by 
the focusing geometry. 
 
 
 
 
 
 
 
 
 
 
Figure 3. SEM images of HSFL generated in silicon using a focusing objective of 0.25 NA (a) and a focusing objective of 1.3 NA (b). HSFL 
periodicities measured for all focusing optics with different NA are shown in (c). 
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The influence of the energy has been studied in a range of 1 to 10 nJ. Grooves fulfilled with ripples have been 
performed in silicon using a focusing objective of 20u 0.5 NA, at a scanning speed of 1 mm/s, at  a laser wavelength 
of 800 nm. The groove performed at 9.5 nJ (Figure 4a) is deeper than the groove performed at 1.6 nJ (Figure 4b), 
but the periodicity of the HSFL is the same around 125 nm. The ripples periodicity seems not to depend on the 
energy applied as shown in Figure 4c. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. SEM images of HSFL generated in silicon at 1.6 nJ (a) and at 9.5 nJ (b). HSFL periodicities measured at different energies (c). 
The influence of the scan speed has been studied in a range of 0.1 to 100 mm/s. Grooves fulfilled with ripples 
have been performed in silicon using a focusing objective of 20u 0.5 NA, at  a laser wavelength of 800 nm and an 
energy per pulse of 3 nJ. The groove performed at 0.1 mm/s (Figure 5a) is deeper than the groove performed at 
higher scan speeds of 1 mm/s (Figure 5b), 5 mm/s (Figure 5c) and 10 mm/s (Figure 5d) due to higher number of 
pulses accumulated on a same point. HSFL are generated on the grooves from 0.1 mm/s up to 5 mm/s and the 
periodicity seems to be constant once again around 125 nm. The ripples periodicity seems not to depend on the scan 
speed applied as shown in Figure 5e. At higher scan speeds of 10 mm/s (Figure 5d) up to 100 mm/s no HSFL are 
formed in the grooves. There is a relation or a threshold between the number of accumulated pulses on a same point 
and the formation of ripples.   
 
 
 
 
 
 
 
Figure 5. SEM images of HSFL generated in silicon at 0.1 mm/s (a), at 1 mm/s (b) and at 5 mm/s (c) scan speeds. No HSFL formation can be 
observed at 10 mm/s (d). HSFL periodicities measured at different scan speeds (e). 
The influence of the polarization has been also studied. Large area high spatial frequency patterns (HSFL) have 
been generated in silicon using a focusing objective of 20u 0.5 NA, at a scanning speed of 1 mm/s, at a laser 
wavelength of 800 nm and an energy per pulse of 3 nJ. As can be observed from the Figure 6 below, the orientation 
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of the ripples is perpendicular to the polarization and depends on its direction. The periodicity seems to be constant 
once again around 125 nm when rotating the polarization from 0° to 90°. The ripples periodicity seems not to 
depend on the polarization orientation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. SEM images of HSFL generated on large areas in silicon at different polarization orientation of 0°, 30°, 60° and 90°.  
Radiations emitted from the laser focus during the generation of HSLF in silicon were collected 
spectroscopically. The nanostructuring was performed using a focusing objective of 20u 0.5 NA, at  a laser 
wavelength of 800 nm, and at an energy per pulse of 3 nJ. Spectra have been measured at 2 different nanostructuring 
scan speeds of 0.1 and 1 mm/s.  As shown in Figure 7a, in addition to the broad continuous plasma emission, a 
narrow emission at half the illumination wavelength is observed (centered at 395 nm) for both scan speeds. Figure 
7b is a magnification of the signal emitted at half the wavelength. Such measured radiations support the hypothesis 
that the formation of HSLF is correlated to SHG [7-11]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Spectra of radiation emitted during laser processing and HSFL formation at 800 nm at 0.1 and 1 mm/s. In (a), emission of all radiation 
(plasma emission + SHG) are observable. In (b) a zoom of the SHG signal is depicted. 
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HSLF have been generated in silicon at 3 different angles of incidence, T = 0°, T = 30° and T = 50° as shown in 
Figure 8, using a focusing objective of 20u 0.5 NA, at a scanning speed of 1 mm/s, at  a laser wavelength of 800 nm, 
and at an energy per pulse of 3 nJ. As can be observed, the periodicity of the ripples does not differ when the angle 
of incidence varies from 0° to 50°. The periodicity of the ripples is once again of about / | 125 r 10 nm.  The 
classical LIPSS theory relates to the interference between the incident laser and the surface scattered wave, giving 
the following dependence of fringe spacings, Λ = λ/(1±sin θ) or Λ = λ/ cos θ [1]. This theory is dependent on the 
angle of incidence and the periodicity is close to the wavelength of the laser. Consequently it can not be applied in 
the case of HSFL.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. SEM images of HSFL generated in silicon at 0°, 30° and 50° incidence angle. 
The period / of HSFL in silicon seems to follow quite well the hypothesis of /= O/2nO [11]. At 800 nm, the 
refractive index of silicon is given to be 3.675 [15]. / is then calculated to be 110 nm. To support this hypothesis, as 
can be seen in Figure 9, HSLF have been performed in germanium which has a higher refractive index at 800 nm of 
4.70 [15].  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. SEM images of HSLF generated in germanium at 0.1 mm/s (a) and 0.25 mm/s (b) at 0° incidence angle. 
Parameters were the same as for silicon, using a focusing objective of 20u 0,5 NA, at a laser wavelength of 800 
nm, but at a lower scanning speed of 0.1 mm/s (Figure 9a) and 0.25 mm/s (Figure 9b) and a lower energy per pulse 
of about 0.6 nJ because of a lower ablation threshold of Germanium. The average periodicity of the ripples 
generated in germanium is found to be / | 97 r 10 nm and is lower than in silicon. Once again the hypothesis of  
/= O/2nO can be quite well applied. All the results are summarized in the Table 1. 
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Table 1. Experimental and theoretical comparison of ripples periodicity in Si and Ge 
Mean ripples periodicity (nm) Si Ge 
/Experimental  125 97 
/Theory (/ =  O/2n) 110 85 
 
4. Conclusion 
In conclusion, we have demonstrated the possibility to perform high spatial frequency LIPPS on large area on 
silicon. No influence on the morphology and periodicity of the ripples of several parameters as focusing geometry, 
energy, scanning speed, polarization, angle of incidence has been shown. The period / of HSFL in silicon follows 
quite well the hypothesis of /= O/2nO, only showing a small offset, this hypothesis is strengthened with the results of 
ripples spacing obtained in the case of germanium. The mechanism of HSFL formation is then believed to be 
governed by SHG. Direct spectroscopic observation to support a second harmonic mechanism has been shown. Non-
equilibrium effects as transient variations of the refractive index under intense illumination have to be taken into 
account to refine the model [12]. Potential applications of HSFL nanostructured surfaces can be addressed in laser 
micro- nano-texturing for automotive or photovoltaic industries for example, for nanolithography, for high density 
data storage, as well as for biotechnologies as to facilitate cell adhesion, proliferation, or orientation on the surface 
of implants or as a reusable stamp to form nanostructured and bioactive surfaces by the deposit of functionalized 
calcium phosphate nanoparticles [16]. 
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